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ABSTRACT 
An experimental study has been conducted i n  the  Ames Pressurized 
Ballist ic Range t o  determine the  aerodynamic c h a r a c t e r i s t i c s  of a pro- 
posed recoverable space s h u t t l e  booster  vehicle .  
Mach numbers of 0.7, 1.5, and 3.5 of two configurations,  one with tail 
panels def lec ted  90" and one with t a i l  panels def lec ted  70°. 
f igura t ions  were found to  be highly s t a t i c a l l y  s t a b l e  a t  a l l  Mach num- 
bers. The dynamic behavior w a s  erratic; t h e  models exhibi ted both 
n e u t r a l  dynamic s t a b i l i t y  and dynamic i n s t a b i l i t y ,  and t h e  motions experi- 
enced during f r e e  f l i g h t  a t  the subsonic Mach number were very irregu- 
lar. The flow f i e l d  over t he  models was character ized by an extensive 
separated-flow region which la rge ly  encompassed the  t a i l  panels. 
experimental drag and static s t a b i l i t y  were not w e l l  predicted by avail- 
ab le  t h e o r e t i c a l  estimates. 
Tests were made a t  
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SUMMARY 
An exploratory experimental s tudy has been conducted i n  a b a l l i s t i c  
range t o  determine the  l e v e l s  of dra!j and s ta t ic  and dynamic s t a b i l i t y  
of a proposed recoverable space s h u t t l e  booster  veh ic l e  a t  Mach numbers 
of 0.7, 1.5, and 3.5. Two configurat ions were t e s t e d ,  one with t a i l  
panels def lec ted  90' 
change i n  sweepback angle of the  t a i l  panels had l i t t l e  e f f e c t  on the 
drag or s ta t ic  and dynamic s t a b i l i t y  of t he  vehicle  a t  a l l  Mach numbers 
of t h i s  inves t iga t ion .  Both cc*:figurations were s t a t i c a l l y  s t a b l e  at  
a l l  Mach numbers investigat.ed. 
t ions  was erratic; four of t5e f l i g h t s  ind ica ted  e s s e n t i a l l y  n e u t r a l  
dynamic s t a b i l i t y ,  and the rem!i ing  four  f l i g h t s  ind ica ted  dynamic in- 
s t a b i l i t y .  
sive separated-flow region ahich l a rge ly  encQmFasses the  t a i l  panels of 
both configurations.  
drag and static- and dynamic- i t a b i l i t y  c h a r a c t e r i s t i c s  of t he  configura- 
t i ons  and causes the  motions [if the models during f r e e  f l i g h t  t o  be very 
i r r egu la r ,  p a r t i c u l a r l y  at  th6 s h s o n i c  Mach number. The drag and stat- 
i c  s t a b i l i t y  of these configurati.ons were not w e l l  predicted by ava i l ab le  
and one with t a i l  panels def lec ted  70'. This 
The dynamic behavior of these configura- 
The flow f i e l d  mer the  models is character ized by an exten- 
This separated flow undoubtedly inf luences the  
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empirical  and theo re t i ca l  estimates. 
70°-panel model, launched backwards a t  a Mach number of 2.5,  indicated 
t h i s  configuration is not s t a t i c a l l y  s t a b l e  about t h i s  backward orienta- 
t i o n  a t  the present test conditions.  
The r e s u l t s  of one f l i g h t  of a 
INTRODUCTION 
'E 
c 
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NASA is current ly  -gaged i n  a major e f f o r t  t o  provide the  technol- 
ogy necessary f o r  t he  design, fabr ica t ion ,  and operation of a space 
s h u t t l e  system ( o r b i t e r  and booster)  capable of t ransport ing personnel 
and suppl ies  to  l o w  Earth o r b i t ,  with the  o r b i t e r  re turning using 
conventional airplane-type landings. 
covered by means of an aerodynamically passive reentry system. 
s i b l e  candidate f o r  use as a passive,  recoverable space s h u t t l e  booster 
vehicle  is  shown 3.n f igu re  1. This configuration is appl icable  t o  both 
a pressure-fed o r  s o l i d  rocket motor booster systeii! and cons is t s  of a 
blunt cone forebody, a long cy l ind r i ca l  body, and e igh t  r e l a t i v e l y  l a rge  
t a i l  panels. 
In to ,  and ac tua l ly  form, the  a f t  port ion of t he  booster.  At t he  pre- 
scr ibed a l t i t u d e  the  o r b i t e r  would separate  from the booster and continue 
t o  a low Earth o rb i t .  The booster with f u e l  expended would deploy its 
t a i l  panels,  r eo r i en t  i t s e l f  nose forward, and descend through the atrnos- 
phere with the  t a i l  panels providing high drag t o  decelerate  the  vehicle  
t o  an acceptably low speed upon impact i n t o  t h e  sea, where f i n a l  recov- 
e ry  would be accomplished by a ship.  
The unmanned booster  could be re- 
A pos- 
In  the  launch configuration t h e  t a i l  panels would be folded 
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Having establ ished,  i n  concept, t he  f e a s i b i l i t y  of such a passive 
booster system, it must be ascer ta ined t h a t  the drag of the configura- 
t i o n  w i l l  be s u f f i c i e n t l y  high t o  dece lera te  the vehicle  t o  an accept- 
able  terminal speed, and t h a t  the  s t a b i l i t y  w i l l  be adequate t o  insure 
proper or ien ta t ion  of the  vehicle  during the  entry.  
pa r t i cu la r ly  important t h a t  the vehic le ' s  dynamic s t a b i l i t y  w i l l  be suf- 
f i c i e n t  t o  prevent divergent o s c i l l a t i o n s  which could lead t o  unsuccess- 
ful recovery. 
In addi t ion,  i t  is 
The present exploratory inves t iga t ion  was undertaken t o  determine 
the drag and static- and dynamic-stability c h a r a c t e r i s t i c s  of t he  two 
configurations shown i n  f igu re  2. 
sent t h e  r e s u l t s  of t h i s  inves t iga t ion .  
air 
of 0.7, 1.5% and 3.5, with corresponding Reynolds numbers of 0.3, 0 . 6 ,  
and 1.5 mil l ion based on free-stream conditions and model cyl inder  
diameter. 
f l ec t ed  90' and one with the t a i l  panels def lected 70'. 
was also made with the  70°-panel model launched backwards KO determine 
whether it would remain f l y i n g  backward o r  would begin r igh t ing  itself 
t o  a nose-forward a t t i t u d e .  Wherever possible ,  the present  experimental 
r e s u l t s  are compared with ava i lab le  empirical  and theo re t i ca l  estimates. 
The purpose of t h i s  report  is t o  pre- 
The tests were conducted in 
i n  t he  Antes Pressurized Ballistic Range at  riominal Mach numbers 
Two configurations were t e s t ed ,  one with the  tai l  panels de- 
One f l i g h t  
J ., 
E 
F 
- 3 -  
SYMBOLS 
reference area (cylinder cross-sectional area)  
drag coef f ic ien t  
l i f t -curve  s lope  
quasi-l inear pitching-moment-curve slope 
A 
a cL 
m C a 
damping-in-pi tch  
reference length 
der iva t ive  
(model cyl inder  diameter) 
c + cm 
& m 9 
d 
m m n t  of inertia about a transverse axis through the  
center  of gravi ty  
a model length 
L M Mach number 
model mass m 
r o l l  rate about a x i s  of synuaetry of model 
time 
L 
free-stream ve loc i ty  
dis tance flown 
axial d is tance  from model nose t o  center  of grav i ty  
X 
hor izonta l  coordinate normal t o  the f l i gh tpa th  
coordinate normal t o  t he  f l i gh tpa th  and y-axis 
angle of a t t ack  ( in  the  v e r t i c a l  plane) 
angle of s i d e s l i p  ( in  the hor izonta l  plane) 
damping exponents i n  equation (3) 
Y 
z 
a 
8 
0 angular displacement measured i n  the xz plane 
- 4 -  
t 
c 
x 
5 
P 
d 
J, 
w1’w2 
wavelength of pi tch ing  o s c i l l a t i o n  
dynamic-stability parameter for unpowered f l i g h t  a t  
constant a l t i t u d e  
free-stream air  density 
r e su l t an t  angle of a t t ack  
angular displacement measured i n  the  xy plane 
rates of r o t a t i o n  of vectors  t h a t  descr ibe the  model 
ciscil latory motion i n  equation (3) 
DESCRIPTION OF TESTS 
T e s t  Technique and Test Conditions 
The tests were performed i n  the  Ames Pressurized Ballist ic RarrOz 
by launching models from a 57-mm smooth-bore powder-gas gun i n t o  s tL l  
air  at  ambient temperature. Nominal model v e l o c i t i e s  of 250, 500, and 
1200 m/sec were obtained corresponding t o  nominal Mach number., of 0.7, 
1.5, and 3.5, respectively.  The test sect ion s ta t ic  pressure was one 
atmosphere, which gave Reynolds numbers of 0.3, 0.6, and 1.5 mil l ion,  
respect ively,  based on model cyl inder  diameter. (Note t h a t  the  f u l l -  
scale Reynolds numbers would be i n  the  range of 50 t o  75 mil l ion  a t  these 
Mach numbers.) 
The +.rsjectory of the  models through the test sec t ion  w a s  recorded 
over a 62-m (203-foot) f l i gh tpa th  i n  24 shadowgraph s t a t i o n s  located a t  
various in t e rva l s .  Side and plan views of the  model are recorded i n  each 
shadowgraph, along with reference wires from which x, y, 2,  8 and J, 
coordinates could be read; t he  l i n e a r  coordinates are accurate t o  0.01 cm, 
and angles t o  within 0.25’. The o r i en ta t ion  angles, 6 and J,, were read 
- 5 -  
r e l a t i v e  t o  Earth-fixed axes. Corrections t o  8 and $ were made t o  
account f o r  the angles between the  r e su l t an t  instantaneous ve loc i ty  
vector  and the Earth-fixed axes and thus t o  give values of u and B. 
Times of model f l i g h t  between s t a t i o n s  were recorded with e lec t ronic  
chronographs t o  within 5 / 8  psec. 
Models and Sabots 
Sketches of t he  models showing per t inent  nominal dimensions are 
shown i n  f igure  2. 
deflected 90' 
were homogeneous and were machined from 4140 heat-treated steel. 
center-of-gravity locat ion f o r  a l l  the  models was 3.4 d from the  nose. 
The screw on the base of the  SOo-panel model was used t o  secure the  mrJdel 
t o  the sabot during launch. 
the  t a i l  panels allowed alignment with the  sabot,  and so a screw was not  
used. 
measured within 0.0025 cm accuracy. 
var ied only s l i g h t l y  from the  nominal dimensions shown i n  f igure  2. 
Nominal valueeof the measured physical cha rac t e r i s t i c s  of t he  models 
are l i s t e d  i n  tab le  I. 
Two configurations were t e s t ed ,  one with t a i l  panels 
and one with t a i l  panels def lected 70°.  A l l  the  models 
The 
For the  70°-panel model t he  sweepback of 
The posi t ion of the  center  of gravi ty  fo r  a l l  the models was 
The dimensions of t he  ac tua l  models 
A photograph of the  90"-panel model with sabot is  presented i n  
f igure  3. As can be seen, the sabot consisted of e igh t  pieces;  a four- 
piece nylon base used f o r  t ransmit t ing the  launching forces  t o  the  model, 
ana four foam p l a s t i c  f ingers  t o  help a l ign  the model i n  the  gun. 
hole d r i l l e d  through the  center  of the  nylon base allowed powder gases 
A 
:s 
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ins ide  t o  separate  the sabot pieces from the model upon emerging from 
the gun muzzle. 
upon emerging from the gun by the  aerodynamic forces  ac t ing  on the  
beveled f ron t  face.  
were nearly i d e n t i c a l  t o  the sauot shown i n  f igure  3 except t h a t  the  
f ront  face of the nylon base was beveled t o  f i t  t he  base of the  model. 
The model was held i n  cor rec t  alignment with the  sabot while being loaded 
i n t o  t h e  gun by gluing the  model t o  the  sabot base. An adhesive which 
had l i t t l e  impact s t rength  was used t o  enable the bond t o  break during 
the launch accelerat ions.  
The p l a s t i c  foam f ingers  were separated from the model 
The sabots used t o  launch the  7u'-panel models 
REDUCTION OF D , T A  
The data-reduction techniques used t o  deduce the aerodynamic coef- 
f i c i e n t s  of drag, l i f t ,  and static a d  dynamic s t a b i l i t y  from f ree- f l igh t  
da ta  obtained i n  the Ames Pressurized Ballist ic Range are presented i n  
reference 1. In t h i s  sec t ion  it  w i l l  be necessary t o  present only the  
bas ic  equations used and a br i e f  descr ipt ion of these techniquts.  
Drag 
Drag coe f f i c i en t s  were obtained d i r e c d y  from the  f l i g h t  time and 
dis tance measurements by the method presented i n  reference 2 ,  which 
assumes a constant drag coe f f i c i en t .  
distance can be wr i t t en  (see re f .  1) 
The equation r e l a t i n g  time and 
. .  
s 
.(* 
F 
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kC,x 
u e 
V kCD - l +  to k.C t =  O D  0 
where Vo and to are ve loc i ty  and t i m e  a t  x = 0 and k - pA/2m. The 
parameters are determined whicil give the "best  f i t "  t o  
the meclsured values of x and t. 
drag coef f ic ien t  varies with angle of a t tack  is presented i n  reference 3. 
It is shown there in  t h a t  i f  the drag coe f f i c i en t  varies with the reeul t -  
ant angle of a t t ack  according t o  the  r e l a t i o n  
CD, Vo, and to 
A method appl icable  t o  cases where the 
2 + c  Q 
0 D2 'D = 'D
then the  e f f e c t i v e  drag coef f ic ien t  obtained from equation (1) j e  t he  
drag coef f ic ien t  t h a t  would be  obtained at  a constant angle of a t t ack  
equal t o  the root-mean-square r e su l t an t  angie of a t t ack  of a givep f l i g h t .  
The present r e s u l t s  were found t o  be represented adequately by oqtatioti  
(2) 
S t a t i e a n d  Dynamic-Stability Derivatives 
The s t a b i l i t y  der ivat ive8 were determined f r r m  ana lys is  of the  
pi tching and yawing motions experiencsd by the  models during f r e e  f l i g h t .  
The analysis  consisted i n  f i t t i n g  the  following well-known t r i c y c l f c  
equation, derived i n  reference 4, t o  the  measurements of a and B of 
each f l i g h t :  
- 8 -  
are functions of the  aerodynamic s t a b i l i t y  coef f i -  
1,2 and 1 9 2  whtr,: TI 
are functions of the  i n i t i a l  conditions.  The most 
1,293 
c ien t s  and K 
i m p o r t a t  assumptions inherent  i n  t h i s  equation are lineai-  aerodynamics, 
small angles of a t t ack ,  constant r o l l  r a t e ,  and small asyunnetries. In  
the present analysis  i t  was fur ther  aetiumed t h a t  the Magnus moment was  
zero. A least-squares procedure using d i f f e r e n t i a l  correctionb v a s  used 
t o  determice optimum values of the constants.  
.-. 
The stat ic-and dynamic-stability parameters Ere re l a t ed  t o  the  con- 
s t a n t s  i n  equation (3) as fo,,ms. The wavelength of the o s c i l l a t i o n  
is given by 
x 
i 
r 
2lT 
A -  
rhe quasi-l inear pitching-moment-curve s lope,  Cm , is  computed from the  
r e l a t i o n  
a 
2 -8n I 
c --EL 
a h2pAd m 
The dynamic-stability parameter, 6 ,  defined as 
mi2 E = % - C I ,  + c  m. 1 
Q Y 9 a 
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J 
is determined from the constants n1 and q2 by means of the r e l a t i o n  
It has been shown i n  references 5 and 6 t h a t  5 is a measrrre of the  
dynamic s t a b i l i t y  of a vehicle  both i n  unpowered f l i g h t  at constant 
a l t i t u d e  and i n  b a l l i s t i c  entry.  
RESULTS AND DISCUSSION 
As s t a t e d  earlier, the  preaent inves t iga t ion  was p r i m a r i l y  explor- 
atory i n  nature,  and therefore  l imited t o  determinicg t h e  l e v e l  of drag 
and static and dynamic s t a b i l i t y  of the  two configurations a t  th ree  
Mach numbers, n m l y ,  0.7, 1.5, and 3.5. A t o t a l  of nine f l i g h t s  were 
obtained f o r  analysis;  one f l i g h t  f o r  each configuration a t  each Macn 
number, two addi t ional  f l i g h t s  a t  M = 0.7 
ins t rumnted  with s m a l l  base pins  t o  enable measureEnt of model r o l l  
f o r  the  70°-panel model 
rate, 
0.7. 
these 
and one f l i g h t  f o r  the  70"-panel model launched backwards a t  
The measured values of C and C obtained from analysis  of 
f l i g h t s  
M = 
m a D 
are summarized i n  t ab le  11. 
Shadowgraph P ic  tures  
Shadowgra?h p ic tures ,  t yp ica l  of those obtained i n  the present 
tests, a re  presented i n  f ip-ms  4 through 7 f o r  each configuration a t  
each Mach number t o  fea tures  of the flow f i e l d .  The shadow- 
graphs are arrange- . I . :  , I .  ..-g t o  Mach number i n  the foliowing order:  
- 10 - 
r 
Figs. 4(a)-4(d) - Shadowgraphs a t  M = 0.7 
Figs.  5(a)-S(c) - Shadowgraphs a t  M = 1.5 
Figs. 6(a)-6(d) - Shadowgraphs at  M = 3.5 
Figs. 7(a)-7(b) - Shadowgraphs of 7O0-panel model 
launched backwards a t  M = 2.5 
These shadowgraph p ic tures  show a large turbulent  flow-separation re- 
gion which, i n  many instances,  completely encompasses the  t a i i  panels. 
This separated-flow region e f f ec t ive ly  "slenderizes" the configuration; 
t h a t  is, it  tends t o  make the  body behave more l i k e  a s lender  cone, 
and therefore  w+uuiri be d - e c t e d  t o  s i g n i f i c a n t l y  lower the  drag and 
s ta t ic  s t a b i l i t y  of these configurations.* It can be seen t h a t  t he  
separation point  moves a f t  as the  sweepback of t he  t a i l  panels is 
increased from 90' t o  70" (compare, f o r  example, f i g s .  5(a)  and 5(c)), 
and it  moves forward f o r  each configuration as t he  Mach number is  in- 
creased (see f igs .  5(a) and 6 (a ) ,  a l so  5(c)  and 6(c)) .  As the  model 
pi tches  t o  l a r g e r  angles of a t t ack ,  t h e  separated region becomes in- 
creasingly unsymmetrical (see, f o r  example, f i g .  5(b)) ,  which would be 
exptcted t o  highly influence the  va r i a t ions  of both s ta t ic  and dynamic 
s t a b i l i t y  of these configurations with angle of at tack.  
- 
*As s t a t e d  earlier, Zull-scale Reynolds numbers f o r  these vehicles  
would be much higher than those obtained i n  t h e  present tests. 
statement of h m  these higher ReynoIds numbers would a f f e c t  t he  flow 
about these models would be speculative.  
Any 
- 11 - 
Model Motions 
The s t a b i l i t y  coe f f i c i en t s  t h a t  w i l l  be presented are obtained 
from analys is  of the o s c i l l a t o r y  motions of models i n  f r e e  f l i g h t .  
of tba i n t e r e s t i n g  results of the  present tests w a s  t he  model motions 
themselves. This i s  i l l u s t r a t e d  i n  f igure  8, which shows the  angular 
o r i en ta t ion  h i s t o r i e s  of some of the  f l i g h t s .  
of attack, a, is p lo t t ed  versus tho_ angle of s i d e s l i p ,  B; the  circles 
show the  measured data ,  and the l i n e s  are hand-fairings of these data.  
It cau be seen t h a t  from about 2-1/2 t o  4-1/2 cycles of model motion were 
obtained f o r  these f l i g h t s ,  and t h a t  about 5 t o  8 values of a and f3 
per cycle.weye obtained t o  def ine the  motion. 
da ta  poin ts  p e r  cycle is usually s u f f i c i e n t  t o  obtain r e l i a b l e  aerody- 
namic coef f ic ien ts .  As indicated i n  f igure  8, the  motions obtained a t  
Mach numbers cf 1.5 and 3.5 were roughly similar i n  appearance. 
motions are seen t o  be  near ly  planar  with l i t t l e  r o l l ,  a type of motion 
frequently obtained i n  b a l l i s t i c  ranges. 
obtained a t  a Mach number of 0.7, pa r t i cu la r ly  f o r  t h e  70°-panel model, 
were very i r r e g u l a r  (see f igs .  8 ( c )  through 8 ( f ) ) .  For these motions 
the character of each cycle is not repeated, high t r i m  angles are indi- 
cated, and some of the  excursions seem almost random. The reLsons f o r  
these i r r e g u l a r  motlons are not known. 
cause s ince  the models appear t o  have. survived the  much g rea t e r  launch- 
ing loads a t  the higksr Mach numbers. 
most i r r e g u l a r  model motions were obtained with the  two 70°-panel models 
One 
In t h i s  f igure  the angle 
This number of cycles and 
The 
Conversely, some of the  motions 
Model damage should not  be a 
It should be mentioned t h a t  the  
- 12 - 
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which w v s  'nstrumented with base pins  t o  enable measurements of mrdel 
r o l l  during the f l i g h t  ( f l i g h t  nos. 1629 and 1630, see f ig s .  8 (e )  and 
8 ( f ) ,  @!so f i g .  4(d)) .  However, t h i s  apparent cor re la t ion  is  believed 
t o  be fos tu i tous  s ince these small base pins  had an i n s i g n i f i c a n t  e f f e c t  
on mooal center  0;' gravi ty ,  weight, moments of i n e r t i a ,  etc.,  and there- 
fore  should not  have had any e f f e c t  on t he  model motims. 
As dLscussed i n  the sec t ion  e n t i t l e d  "Reduction of Data," theoret-  
ical  aot ions are obtained by f i t t i r i g  equation (3) t o  t he  experimental 
a,B data.  The closeness of t he  theo re t i ca l  motions t o  the  experimental 
da ta  is a measure of t he  r e l i a b i l i t y  of the  s t a b i l i t y  r e s u l t s .  
curves f o r  a l l  the  f l i g h t s  analyzed i n  the  present inves t iga t ion  gave 
standard deviations t h a t  were from about 2 t o  10 times grea t e r  than the  
s t a t e d  measuring accuracy, 0.2S0. It is believed t h a t  the l a rge  unsteady 
separated flow regioa about these models so highly influenced t h e  motions 
t h a t  equation (3) w a s  not pract icably applicable.  In  addition i t  is 
recognized t h a t  these configurations are not  axisymmetric and therefore  
the s t a b i l i t y  coe f f i c i en t s  are a function of r o l l  angle. 
reason why equation (3) is not s t r i c t l y  applicable.  Although the  model 
mQtions i nd ica t e  t h a t  the ro l l  rates f o r  these f l i g h t s  were not l a rge  
( t h e  measured r o l l  rates for f l i g h t  nos. 1629 and 1630 were from about 
0.6O/ft for the L n i t i a l  port ion of the f l i g h t s  t o  about l . S O / f t  towards 
the  end of t he  f l i g h t s ) ,  t h i s  amount of r o l l  and/or r o l l  acce le ra t ion  
could have a s ign i f i can t  e f f e c t  on the  motions of t h i s  type of  config- 
uration. 
The f i t t e d  
This i s  another 
.. . 
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Drag Characteristics 
As s t a t e d  earlier,  a summary of the  aerodynamic data  obtained i n  
the  present inves t iga t ion  is given i n  t ab le  11. 
drag coe f f i c i en t  a t  zero degrees angle of a t t ack  are presented as a 
function of Mach number in f igure  3. 
number of 1.5 were obtained from a s ing le  f l i g h t  of each configuration; 
t h a t  is, each f l i g h t  was  broken up i n t o  three  por t ions  and each port ion 
w a s  analyzed independently t o  give three  da ta  poin ts  f o r  each configura- 
t ion.  
the drag da ta ,  t h a t  is, CD p lo t t ed  versus t h e  root-mean-square r e su l t -  
an t  angle of attack, was  made t o  obtain the  drag coe f f i c i en t s  a t  a = 
0 " .  The experimental da ta  show t h a t  changisg the  sweepback angle of 
the t a i l  panels from 90" t o  70" had l i t t l e  e f f e c t  OCI t he  drag coef f i -  
c i en t s  throughout the Mach number range invest igated.  Also, t h e  drag 
coe f f i c i en t  decreases by about 40 percent as the  Mach number is increased 
from 1.5 t o  3.5. Theoretical  estimates, a t  M = 20, arid empirical  
estimates at the  lower Mach numbers ( re f .  7) are a l s o  presented i n  f ig-  
ure 9.t However, because of the i n a b i l i t y  of these predict ion tech- 
niques t o  account f o r  the e f f e c t  on drag coe f f i c i en t  of t he  l a rge  sep- 
arated-flow region which exists over these models (as discussed 
p rev ious ly ) , i t  is not expected tha t  good agreement would be obtained. 
The measured values of 
The data  presented near a Mach 
For most of the f l i g h t s  a shor t  s t r a igh t - l i ne  extrapolat ion of 
?The estimates shown at  the  subsonic, t ransonic ,  and supersonic 
Mach numbers were obtained u s h g  the  r a t i o  of panel t o  cyl inder  cross- 
s ec t iona l  area a d  the  experimental data  from reference 8; the hyper- 
sonic estimates were obtained from the computer prcgram of reference 9. 
- 14 - 
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As shown i n  f igure  9,  these estimates badly overpredict  (by about 
100 percent) the drag coe f f i c i en t s  a t  a Mach number of 3.5 and show a 
decrease i n  drag coef f ic ien t  of about 1 7  percent f o r  8 change i n  t a i l  
panel sweepback angle from 90' t o  70'. 
mental da ta  and the estimates for e i t h e r  configuration a t  Mach numbers 
of 0.7 and 1.5 are thus l i k e l y  t o  be purely for tu i tous .  
The agreements between the  experi- 
S t a t i c  S t a b i l i t y  Characteristics 
The experimental static s t a b i l i t y  da ta  are presented i n  f igure  10, 
are m y  a 
where values of t h e  quasi- l inear  pitching-moment-curve s lope,  C 
p lo t t ed  as a function of Mach number. 
of most of these f l i g h t s  w a s  small (usually below lo", see t a b l e  II), 
important nonlinear e f f e c t s  could be present i n  the  da ta  due t o  the 
changing influence of the separated-flow region on t he  t a i l  panels.  
s t a t e d  previously,  with the  exception of the 70°-panel model at  a Mach 
number of 0.7, only one f l i a h t  of each configuration a t  each Mach number 
was obtained; therefore ,  the va r i a t ion  of Cm 
could not be adequately ascer ta ined with these l imited data.  
of C presented i n  f igure  PO correspond t o  average valaes of an 
equivalent l i n e a r  system whlch bes t  f i t  the  measured angular o r i en ta t ion  
da ta  of each f l i g h t .  
center-of-gravity pos i t ion ,  3.4 d from the  nose. 
Although the angle-of-attack range 
As 
with angle of a t tack  
a 
The values 
m a 
The da ta  presented i n  f igure  10 are f o r  a common 
In order t o  inves t iga te  the s e n s i t i v i t y  of Cm t o  changes i n  
U 
various f ac to r s  suck. as r o l l  rate, angle of a t tack ,  and Mach number, t he  
present f l i g h t s  were broken up i n t o  1-1/2 cycle port ions and these 
b 
r 
i 
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port ions were analyzed separately.  
using various assumed values of r o l l  rate t o  i r tzrmine t h e  e f f e c t  of 
r o l l  rate on C . It was found t h a t  f o r  eacF fl+.ght the values of 
m C varied by only about 10 t o  20 p e r c a t ;  therefore  values of C 
presented herein a re  average values determined from the  above procedure. 
Analys of these f l i g h t s  using more sophis t ica ted ,  Less restrictive, 
data-reduction techniques could have been accomplished; however, th;s 
would e n t a i l  considerable addi t iona l  e f f o r t  
a tory  inves t iga t ion  w a s  considered unwarranted. 
These portions were a l so  analyzed 
m 
U 
m 
0 a 
which for the  present explor- 
The da ta  shown i n  f igure  10 show t h a t  both configurations are stat- 
i c a l l y  s t a b l e  throughout t he  Mach number range invest igated and t h a t  
changing the  sweepback angle of the  t a i l  panels from 90" t o  70" has 
l i t t l e  e f f e c t  on the s ta t ic  s t a b i l i t y .  A high degree of s e n s i t i v i t y  of 
the static s t a b i l i t y  t o  small changes i n  Mach number i s  apparent a t  t he  
subsonic and t ransonic  Mach numbers. The theo re t i ca l  estimate of static 
s t a b i l i t y  a t  a Mach number of 20 ( r e f .  7) is seen t o  be much lower than 
the experimental da ta  obtained f o r  the  Mach number range 9f the present 
invest igat ion.  
As s t a t e d  earlier, one f l i g h t  was made using a 70O-panel model 
launched backwards (180" o r i en ta t ion )  a t  a Mach number of about 2.5. The 
angular o r i en ta t ion -d i s t ance  h i s to ry  of t h i s  f l i g h t  is  presented i n  f ig-  
ure 11. As can be seen, the  model remained f ly ing  backwards for about 
1 2  meters (40 f e e t ) ,  which ind ica tes  a near ly  disturbance-free separat ion 
of the  model from i ts  sabot upon emergjng from the  gun, then s t a r t e d  t o  
turn around. During the  remainder of t he  f l i g h t  the  model passed through 
- 16 - 
t he  nose-forward a t t i t u d e  (a  = O " ) ,  continued t o  an angle of p i t c h  
(and yaw) of about 120", and then began t o  return. towards a nose-forward 
a t t i t u d e  when i t  impacted the  catcher  af ter  62 m (203 f e e t )  of f l i g h t .  
This f l i g h t  ind ica tes  t h a t  no s t a b l e  t r i m  point  e x i s t s  at  an angle of 
a t t ack  of 180' (backwards or ien ta t ion)  f o r  t h i s  configuration a t  these 
test  conditions.  
Dynamic S t a b i l i t y  Charac te r i s t ics  
The dynamic behavior of these configurations w a s  found t o  be errat- 
i c ,  a not  unexpected r e s u l t  considering the separated flow ( f igs .  4 - 3  
and the i r r e g u l a r  model motions presented i n  f igure  8. 
b i l i t y  appears t o  be a function of Mach number, angle of a t tack ,  and 
The dynamic sta- 
r o l l  rate, and f o r  t h i s  reason values of 5 and/or Cm + Cm are not  
given as they would be misleading. 
dynamic behavior of each f l i g h t  is included i n  t ab le  11. As can be seen, 
the  configurations exhibi ted e s s e n t i a l l y  n e u t r a l  dynamic s t a b i l i t y  i n  
four  of the  f l i g h t s  and dynamic i n s t a b i l i t y  i n  the  remainj3g four  f l i g h t s .  
As noted i n  t ab le  11, f l i g h t  no. 1625 demonstrated a high degree of 
dynamic i n s t a b i l i t y .  It should be mentioned i n  r e l a t i o n  t o  t h i s  f l i g h t  
t h a t  small p a r t i c l e s  of the  p l a s t i c  foam sabot f ingers  mey have adhered 
t o  the f ront  surfaces of some of the  t a i l  panels (see f i g s .  4(b) and 
9 6 
A q u a l i t a t i v e  discussion of t he  
[c)) .  However, i t  is hard t o  be l ieve  t h a t  t he  presence of thesa small 
p l a s t i c  foam particles would be s u f f i c i e n t  t o  cause the  la rge  dynamic 
i n s t a b i l i t y  noted f o r  t h i s  f l i g h t .  
- 1 7  - 
CONCLUDING REMARKS 
The following remarks summarize the results of t h i s  exploratory 
invest igat ion.  
mine the drag and s t a t i c  and dynamic s t a b i l i t y  of a proposed space 
sb-r t le  booster vehicle  a t  Mach numbers of 0.7, 1.5, and 3.5. TWO con- 
f igurat ions were t e s t ed ,  one with t a i l  panels def lec ted  90' 
with t a i l  panels def lected 70'. 
The tests were conducted i n  a b a l l i s t i c  range t o  deter-  
and one 
1. The change i n  sweepback angle of the  t a i l  panels had l i t t l e  
e f f e c t  on the drag and s ta t ic  and dynamic s t a b i l i t y  of the  vehicle  at  
a l l  Mach numbere invest igated.  
2. The drag coe f f i c i en t s  of both configurations decrease by about 
40 percent as t h e  Mach number is increased from 1.5 t o  3.5. 
estimates, and a l s o  theo re t i ca l  estimates a t  a Mach number of 20, over- 
pred ic t  by about 100 percent the  drag coe f f i c i en t s  obtained a t  a Mach 
number of 3.5, and a l so  pred ic t  a decrease of about 1 7  percent i n  drag 
coef f ic ien t  for a chanaz i n  st;ee;.ha& angle of t he  t a i l  panels from 90' 
t o  70°. 
Empirical 
3. The flow f i e l d  over: the nodels is  characterized by an exten- 
s ive  separated-flow region which la rge ly  encompasses the  t a l l  panels 
of both configurations a t  a l l  Mach numbers invest igated.  
flow undoubtedly influenceti the  drag and s t a t i e  and dynamic-stability 
cha rac t e r i s t i c s  of t h e  configurations and, 85 a consequence, a l s o  inf lu-  
ences the motions experienced by t h e  models during f r e e  f l i g h t .  
This separated 
.. 
,% 
i 
t. 
1 
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4. The model motions, i n  particular those obtained a t  a Mach 
number of 0.7, were very i r r e g u l a r  and could not be f i t t e d  accurately 
by standard quasi-l inear data-reduction techniques t o  e x t r a c t  static- 
and dynamic-s t a b i l i t y  coef f ic ien ts .  
5 .  The present experimental s t a t i c - s t a b i l i t y  r e s u l t s  are believed 
accurate only t o  about 10 t o  20 percent ,  but clearly show thac both 
configurations are s t a t i c a l l y  s t a b l e  a t  a l l  Mach numbers invest igated.  
Theoretical  estimates of the s t a t i c  s t a b i l i t y  f o r  the  9O0-panel model 
at  a Mach number of 30 w a s  much lower than t h e  present experimental re- 
s u l t s  * 
6 .  The dynamic behavior of both configurations w a s  very erratic; 
four  of the  f l i g h t s  indicated e s s e n t i a l l y  n e u t r a l  dynamic s t a b i l i t y ,  
and the remaining four f l i g h t s  indicated dynamic i n s t a b i l i t y .  
7. The r e s u l t s  of one f l i g h t  of a 7O0-panel model, launched back- 
wards a t  a Mach n. mber of 2.5,  i zd ica ted  tha t  no stable. t r i m  point  exists 
a t  t h i s  a = 180' o r ien ta t ion  a t  these test conditions.  
G 
i. 
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i 
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(a) 90°-panel model, M = 1.5, f l i ght  no. 1614. 
a. deg 
(b) 7 O 0 - p a n e l ~ d e l ,  M .I 3.5, flight no. 1626. 
Figure 6.- Typical angular motions of models. 
( c )  90°-panel model, M = 0.7,  f l i g h t  no. 1622. 
(a) 70°-panel model, M - 0.7,  f l i g h t  no. 1625. 
Figure 8.- Continued. 
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( e )  70°-panel model, M = 0 .7 ,  f l ight  no. 1629. 
I 
( f )  70°-panel model, M - 0 . 7 ,  f l i g h t  no. 1630. 
Figure 8.- Concluded. 
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